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Abstract: Preplant or early irrigation in winter wheat (Triticum aestivum L.) can improve 
plant stands and lead to higher grain yields. Optimum seeding density more efficiently 
utilizes resources and optimizes yield. In lieu of groundwater storage continuing to 
decline, more precise and efficient utilization of water is needed. Wheat experiments 
were conducted to evaluate nitrogen (N) rate, seeding rate and early irrigation over three 
growing seasons near Stillwater, Oklahoma.  Experimental design was a split-split plot 
with 3 replications and nine treatments, with irrigation as the main plot. Seeding rates of 
45, 67 and 112 kg ha-1 were sub plots and that included three N rates (0, 67, 134 kg ha-1) 
as sub-sub plots. Tiller count, head count and grain yields were collected. Mid-season 
biomass and harvest index were recorded.  Results showed that, for different cropping 
seasons, grain yield, biomass, tillers, heads, grain N and harvest index depended either on 
the interaction effect or main effect or both. Early irrigation did not affect grain yield. 
Seeding rate and N rate were significant for number of heads. Midseason biomass weight 
was significant with irrigation. Harvest index was not significant for irrigation, seed rate 
and N rate or interaction effects. Grain yield response to irrigation varied considerably 
due to differences in rainfall received during the cropping season. This study showed for 
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VARIABILITY IN OPTIMUM NITROGEN RATES FOR MAIZE 
ABSTRACT 
Maize (Zea mays L.) grain yield levels and the response to fertilizer nitrogen (N) 
are expected to change from year to year and from location to location. Because yield 
level and N response have been documented to be independent and are known to 
influence N demand, optimum N rates at the same location vary each year due to 
unpredictable changes in the environment. The objective of this study was to further 
analyze maize grain yield levels and optimum fertilizer N rates from published data in 
maize growing regions of the United States. Optimum N rates were determined by 
calculating the difference in N uptake between the highest-yielding plot and the check 
plot (no N applied [0-N]). The difference in grain N uptake between the fertilized plot 
and the 0-N check plot was then divided by 0.33 (the assumed average N use efficiency) 
to estimate optimum N rate by site and year. For the 213 site-years of data included in 
this study, grain yields in both the high N rate and check (0-N) plots were highly variable. 
Optimum N rates fluctuated from year to year at all locations. Optimum N rates were not 
highly correlated with the high–N rate yield (R2 = 0.20) or 0-N check yield (R2 = 0.16).  
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The wide range in optimum N rates observed in all maize experiments suggests the need to 
adjust N rates by year and location. A potential solution is to use midseason sensor-based 
technologies that can accurately predict yield potential and simultaneously encumber N 






Nitrogen (N) fertilizer is an expensive input and is often needed to maximize 
grain crop yields. The increased area under maize production has led to increased prices 
and accelerated use of N fertilizer. Bundy et al. (1999) reported that 3.6 million t of N 
fertilizer were applied annually for maize production in 12 states within the northcentral 
United States, at a cost of 600 to 800 million USD. This estimate excluded N from 
manure and legumes used in crop rotations. The total N fertilizer used by 15 US States 
for maize in 2014 rose to 5 million t of fertilizer at an estimated cost of $500 Mg-1 or 2.5 
billion USD for 36.6 million ha (USDA–NASS, 2015a). Snyder (2012) documented that 
US maize consumes 37 to 51% of the total annual fertilizer N. Over the last 100 yrs, 
maize yield levels have increased nearly eightfold in the United States (Kraatz et al., 
2008); this increase is attributed in part to increased fertilizer N use. In 2012, US farmers 
planted 39.3 million ha of maize (USDA– NASS, 2015b) and produced almost 273 
million t of maize grain. Maize production increased to 361 million t in 2014 on a total of 
36.6 million ha (USDA–NASS, 2015b). Iowa is the leading US state for maize 
production, with a total of 5.5 million ha in 2013. In 2010, Iowa accounted for almost 
14% of the total maize planted in the United States (Dale et al., 2010). 
 Keeney and Muller (2000) reported that the US Grain Belt have a large amount 
of artificially drained soils, a high percentage of total land in agriculture, and the highest
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N fertilizer rates. More than 30% of the cropland in the Midwest is in need of subsurface 
drainage to maintain the productivity of poorly drained soils (Kanwar et al., 2005). 
However, drainage systems serve as a pathway through which nitrate nitrogen (NO3–N) 
can be transported to streams and rivers (Cooper, 1993). Nitrate-contaminated drainage 
water from artificial subsurface drainage systems (tiles) is a primary source of NO3–N 
loading to surface water within the Midwestern United States grain belt (David et al., 
1997). In research conducted near central Iowa, Jaynes et al. (2001) documented NO3–N 
loss in tile drainage water totaling 48, 35, and 29 kg N ha-1 for high (172–202 kg ha-1), 
medium (114–135 kg ha-1), and low (57–67 kg ha-1) N fertilizer rates, respectively. 
Rabalais et al. (1999) suggested that excessive nutrient runoff derived mainly from 
agricultural land had increased the spread and severity of the hypoxic zone within the 
Gulf of Mexico. Dale et al. (2010) noted that Illinois, Iowa, and Indiana alone produce 
15% of the world’s maize and soybeans, and these regions have the highest N and P 
loading, which has led to the hypoxic or “dead zone” in the Gulf of Mexico. Nutrient 
flow from the Mississippi-Atchafalaya river basin into the Gulf of Mexico determines the 
size of the seasonal hypoxia zone (Alexander et al., 2008). Further, David et al. (2010) 
reported the highly productive, tile-drained maize belt from southwestern Minnesota, 
Indiana, Iowa, Illinois, and Ohio is the greatest contributor of nitrate yield to the 
Mississippi river. Application of N in excess of that taken up by maize also leads to 
potential NO3–N loss to ground water through leaching. Over fertilization may not 
always result in additional grain yield; instead, it can increase N losses (Raun and 
Johnson, 1995). Alternatively, lower N rates can lead to decreased economic returns 
(Scharf and Lory, 2000). Accumulation of residual N occurs as a result of 
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applying a greater rate than necessary to maximize yields (Herron et al., 1971). Over 
time, soils can become oversupplied with nutrient inputs, especially when nutrient supply 
exceeds crop removal, resulting in nutrient leaching and runoff (Daniel et al., 1998; Sims, 
1998). Several studies have shown that NO3–N losses continue even with typical N rates 
(Baker and Johnson, 1981; Kanwar et al., 1988).  
Efficient use of N fertilizer has raised concerns in modern crop production 
systems. Environmental concerns continue to be intertwined with the growing costs of N 
fertilizer production and use. Accurate N fertilizer rates, along with higher N use 
efficiency (NUE), remain important for maximizing returns while simultaneously 
protecting the environment and water quality. Nitrogen use efficiency for maize in the 
United States has increased more than 30% over the last 20 yr (Fixen and West, 2002). 
Early 15N work with maize showed that 24.1 and 26.4% of the applied N was accounted 
for in the grain at N rates of 50 and 150 kg N ha-1, respectively (Olson, 1980). Similar 
studies by Wienhold et al. (1995) reported that maize grain use of N applied averaged 
35%. Cassman et al. (2002) noted that N recovery efficiency (REN) described N use and 
reported this value at 37% for the northcentral United States for maize grown in different 
rotations. Using global statistics from the Food and Agriculture Organization, Raun and 
Johnson (1999) found average NUE for worldwide cereal production to be 33%. An 
increase of 1% in global NUE for cereal production could save 234 million USD 
worldwide (Raun and Johnson, 1999). Added work from this group found that NUE 
could be improved by 15% when N fertilization was based on optically sensed in-season 
estimated grain yield (Raun et al., 2002). Related research from Dobermann (2005) 
calculated average partial factor productivity for NUE in cereal production to be 44%.  
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Ideal nutrient management would provide a balance between nutrient input and 
output over longer periods of time (Bacon et al., 1990). Several factors affect grain yield, 
such as growing season, soil fertility, soil moisture, and environmental changes year to 
year. This implies that accurate N rate recommendations should have a reliable estimate 
of those parameters that affect maize grain yield and/or that have a negative 
environmental and economic impact.  
Determining optimum time, rate, and method of N fertilizer application for maize 
is crucial to minimize N losses. The synchronization of time of fertilizer application with 
plant N demand is also important. Fall N application creates a substantial risk of N loss 
and lower yield. Excess residual NO3–N in the soil profile in the fall can end up in 
ground water, especially in humid regions of the United States (Lory et al., 1995). 
Keeney (1982) recommended the use of ammonium fertilizers and delaying time of 
application until soil temperatures are 10°C for fall application. Spring-applied N versus 
fall N can minimize the risk of N loss from the soils and optimize the profitability 
irrespective of the tillage system (Vetsch and Randall, 2004). Randall et al. (2003) found 
that on poorly drained Mollisols, the best application time strategies for anhydrous 
ammonia were fall N with nitrapyrin, spring preplant, and split application. 
Nitrogen fertilizer needs for maize vary between fields (Bundy and Andraski, 
1995) and within fields (Malzer et al., 1996). Fiez et al. (1995) suggested that the 
different N response between and within fields was due to spatial and temporal variations 
in crop demand. The optimum N fertilizer rate changes dramatically from one maize field 
to the next because it is affected by the complex interactions of spring precipitation,  
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temperature patterns, soil organic matter, and crop development (Scharf, 2001; Scharf et 
al., 2005).  
 Research performed over the last few decades has focused on improving N 
fertilizer rate recommendations (Andraski and Bundy, 2002; Hanway and Dumenil, 1955; 
Schmitt and Randall, 1994; Vanotti and Bundy, 1994; Varvel et al., 2007). Before 1957, 
most N rate recommendations were based on soil criteria and crop management. Since 
1970, the yield goal approach has been a popular method for maize in the Midwest; it 
converts the expected yield to N rate recommendations using fixed factors (Fernández et 
al., 2009). Yield goals are determined from a recent 5-yr crop yield average, increased 
typically by 10 to 30%, assuring adequate N for above-average growing conditions 
(Johnson, 1991). Maximum return to N is a procedure for estimating economically 
optimum N rates. It has been used in the Midwest across the Corn Belt and determines 
preplant N rates by estimating the yield increase to applied N using current grain and 
fertilizer prices (Sawyer et al., 2006). This approach provides generalized N rate 
recommendations over large areas and years. However, it fails to address the issue of 
year-to-year variability in temperature and rainfall (Shanahan, 2011; Van Es et al., 2006) 
and does not provide site-year recommendations. 
Although optimal N rates can vary substantially within and between fields, most 
US maize producers apply the same rates to entire farms (Scharf et al., 2005). Limiting 
application rates is the most important factor in reducing environmental impacts; 
nonetheless, inappropriate methods and poor timing continue to pose the risk of N loss to 
the environment (Ribaudo et al., 2012). Additionally, the inability to accurately estimate  
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optimum N rates results in over fertilization for some years and fields and under 
fertilization in others and a lower NUE (Shanahan, 2011). Consequently, there is a clear 
need to improve N fertilizer management. Early work from Van Es et al. (2006) noted 
that accurate estimation of optimum N rates year-to-year and field-to-field remains 
elusive. Nonetheless, in more recent work, Franzen et al. (2016) report that viable 
midseason sensor-based options are available for maize and wheat producers in many 
regions of the world. 
In recent years, the use of normalized difference vegetation index (NDVI) crop 
sensors, such as Greenseeker (Trimble Navigation Ltd., Sunnyvale, CA) and Crop Circle 
(Holland Scientific, Lincoln, NE), have taken precision agriculture to a different level via 
the ability to detect N deficiencies and to prescribe environment-specific, mid-season N 
rates. Sensor-based N rate recommendations can vary spatially and temporally, have been 
further refined by location and crop (Oklahoma State University, 2016), and are currently 
available to producers (Franzen et al., 2016). Researchers have studied and validated in-
season yield potential prediction using NDVI sensors (Crain et al., 2012; Teal et al., 
2006). A very similar approach in Missouri was found to outperform the producer rate for 
maize (Scharf et al., 2011).  
It is critical to understand that yield level and N response are unrelated (Arnall et 
al., 2013; Raun et al., 2011). Several researchers from the Midwest have substantiated 
that optimum N demand changes radically year to year and over locations, which is why 
applying the optimum N rates at the peak crop demand remains challenging. 
Furthermore, current N management decisions overlook year-to-year weather variations,  
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thus failing to account for soil N mineralized in warm, wet years and ignoring indigenous 
N supply (Shanahan et al., 2008). Although optimum N rates vary widely, insufficient 
work is being done to encourage maize growers to apply different N fertilizer rates from 
one year to the next.  
The Gulf of Mexico hypoxic zone reached 15,126 km2 in 2013 (USEPA, 2014) 
and is expected to grow with continued nutrient loading rates coming from exceedingly 
high N fertilization rates in maize. Therefore, it is important to reconsider the common 
practice of applying the same N rate year after year. Rates of N tailored to temporal and 
spatial variability would deliver higher economic returns to maize farmers and a sound, 
sustainable environment. The objective of this work was to document the relationship 
between maize grain yield levels and optimum N rates over a wide range of locations and 





MATERIALS AND METHODS 
 
 
Grain yield and N fertilizer rate data from five different long-term (>15 yr) and 
nine short-term (2–7 yr) experiments in maize-growing regions of the United States were 
analyzed. This information was compiled from published papers and included added 
analysis. If the percent N in maize grain was reported in the paper, that value was used; if 
not, the percent maize N grain value was set at 1.2 (Shapiro et al., 2008). The difference 
in N uptake between the highest-yielding plots and check plots was calculated, and the 
optimum N rates were computed as:  
Optimum N rate =(Yield, (high N rate)−Yield, (check 0−N))∗%𝑔𝑔𝑔𝑔𝑎𝑎𝑖𝑖𝑖𝑖 𝑁𝑁
NUE Average(0.33)
 
Yield is expressed as kg ha-1 and grain N as a decimal (0.01 = 1%). A fixed NUE 
value of 33% (0.33) was used to reflect shared findings in cereals and with a derivation 
coming from a wide range of locations and years (Olson and Swallow, 1984; Raun and 
Johnson, 1999). Changing this value either higher or lower will result in a predictable 
bias. For example, an effective NUE of 0.40 would reduce the predicted N rate when 
compared with 0.33. Using a fixed NUE for these trials when combining over locations 
and years would likely compress the variability in optimum N rates reported. Other 
estimates of NUE exist and are in the 30 to 40% range (Cassman et al., 2002; Olson, 
1980; Olson and Swallow, 1984). Also, computing NUE by individual site was no 
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possible because grain N concentrations were only reported in a few of the papers 
included in this work. Optimum N fertilizer rates using 0.33 NUE over the 213 site-years 
ranged from 0 to 458 kg N ha-1. All primary sources of data, years, range in observed 
yields, and the predicted optimum N rate for all locations are reported in Table 1. 
Substantive published research has shown dramatic changes in optimum N rates varying 
from year to year at the same location (Al-Kaisi and Yin, 2003; Bundy et al., 2011; Eck, 
1984; Fenster et al., 1978; Gehl et al., 2005; Ismail et al., 1994; Jokela and Randall, 1989; 
Mallarino and Ortiz-Torres, 2006; Meisinger et al., 1985; Olson et al., 1986; Peterson and 
Varvel, 1989; Randall et al., 2003; Rice et al., 1986; Shapiro and Wortmann, 2006; 
Stecker et al., 1993; Varvel et al., 2007; Vetsch and Randall, 2004; Woodruff et al., 
1984). Nonetheless, given the importance of N for both crop production and the 
environment, no single document addresses the comprehensive nature of the problem or 
provides realistic and accurate estimates of the present variability in N rate 
recommendations. Optimum N rates were calculated for each site-year using the 
difference in N uptake between the maximum yielding plot and the check plot and 
assuming a fixed level of fertilizer use efficiency. This permitted including the entire 
range of experiments, locations, and years. This work further concedes that NUEs are 
expected to change for all sites and years; even so, it was essential for by-location and 
over-site analysis to use an average. Also, the high–N-rate yield and 0-N check yields 
were plotted against the calculated optimum N rate. The relationship between optimum N 
rate and grain yield was established using simple linear regression analysis. Regression 
equations and R2 values were identified for the high N yield and check plot yield using 
PROC GLM (SAS Institute, 2011).
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Published maize grain yield data from long-term (>15 yrs) and short-term (2–7 yrs) 
experiments were used for the added analysis included in this study (Table 1). For each 
trial, the response index (RI) was computed using the high–N-rate yield as the numerator 
and 0-N check plot (RI 0-N) and medium– N-rate plot (RI Mid-N) as the denominator. 
The Medium-N rate was that rate used in each respective experiment that was at or near 
the middle of the range of N rates applied. This approach was also used by Arnall et al. 
(2013). Both RI 0-N and RI Mid-N were plotted as a function of time (Fig. 2–7). The 
relevance/use of RI and how it has been used over time has been described elsewhere 
(Arnall et al., 2013; Mullen et al., 2003; Raun et al., 2011). The computed RI, whether 
based on mid-season NDVI sensor readings (RI NDVI) or determined using harvest data 
(RI Harvest), indicates the actual crop response to additional N within a given year 
(Mullen et al., 2003). The work of Mullen et al. (2003) further showed that RI Harvest 






Results Yield levels for the check plots (0-N applied) and high–N-rate plots were 
highly variable at all sites (Table 1). By-site yield ranges in the 0-N check treatment and 
the high-N treatment were extreme. For one of the long-term trials, yields from the 0-N 
check ranged from 1.6 to 7.6 Mg ha-1, and yields from the high-N treatment ranged from 
4.3 to 8.8 Mg ha-1 (Bundy et al. (2011). For the 26 short- and long-term trials, comprising 
a total of 213 sites years of data, wide yield ranges were common (Table 1). The 
combined data reported in Table 1 reveal that these maize trials encompassing a wide 
range of states and climates had highly variable optimum N rates, with an average low of 
62 ± 44 kg N ha-1 and average high of 173 ± 55 kg N ha-1. The overall average optimum 
N rate was 120 ± 43 kg N ha-1 (Table 1). Using 1 SD from the average optimum N rate 
computed in this work results in an expected range of 77 to 163 kg N ha-1 (the complete 
database for computed optimum N rates was 0–239 kg N ha-1) (Table 1). Because only 
maize sites from the United States were included, this is troubling when considering 
regional publications that do not consider the potential for improved environment-
specific recommendations and because they report that there was no clear indication of a 
change in N rates over time (Sawyer et al., 2006). 
Including all site years, optimum N rates were not correlated with the high–N-rate 
yield and/or the check plot yield (Fig. 1). The calculated R2 value for 
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optimum N-rate versus high–N-rate yield and check plot yield was poor (0.20 and 0.16, 
respectively) (Fig. 1). This was also consistent with the accompanied research articles 
that document year-to-year variability in optimum N rate. Several optimum N rates in 
excess of 240 kg N ha-1 were treated as outliers and were not included in this analysis. 
These data, although favorable for a paper highlighting dramatic ranges in optimum N 
rates, were omitted. Slope and intercept components for high–N-rate yield and check plot 
yield on optimum N rate were statistically significant (Pr > |t|) at the 0.10% level (Fig. 1). 
As expected, for all long-term experiments, RI 0-N was higher and fluctuated over the 








The data included in this paper report year-to-year and by-site variation in grain 
yield for the high–N-rate and 0-N plots. Factors that affect variable N demand are 
indirectly linked to yield variability. At some sites, the check plot where no N had ever 
been applied yielded almost the same as the high–N-rate plot after years of maize 
production (Wisconsin, 1958, 1959, 1981, and 1982 [Bundy et al., 2011]; Nebraska, 1995 
[Varvel et al., 2007]). In fact, some check plots surpassed the yield recorded for the high–
N rate plot (Kentucky, 1970 and 1988 [Ismail et al., 1994]; Martin County, Minnesota, 
1971–1976 [Fenster et al., 1978]). The study by Mamo et al. (2003) is one of several 
documenting temporal variability and resultant maize grain yields. Expected differences 
in by-site rainfall and temperature contributed to the reported differences in grain yields 
and by-year and by-site optimum N rates (Table 1). As noted by Leiros et al. (1999), 
environmental variability can result in higher and lower N mineralization from soil 
organic matter, which influences N demand. Other reasons for the differing estimates of 
N response include the actual yield level, which changes from year to year and affects 
final demand (Gehl et al., 2005). Highly variable levels of atmospheric N deposition from 
one year to the next (Huang et al., 2016) can also affect N need. Tremblay et al. (2012) 
suggested that abundant and well-distributed rainfall can increase the N response of corn 
in fine-textured soil in terms of yield. 
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. It is thus not surprising that optimum fertilizer N rates will change from year to 
year and site to site. By-year soil testing for inorganic soil N is encouraged due to the 
relationship with changing yield levels (Binford et al., 1992). As such, maize producers 
should consider the unpredictable weather patterns that affect N mineralization, inorganic 
N, and the resultant grain/plant N uptake. Fluctuating yields can also be the consequence 
of variable soil-supplied N across the field and/or spatial variability (Crain et al., 2013; 
Holland and Schepers, 2010). Several researchers have noted how current N 
recommendations provide an estimate of how much N to apply but fail to account for soil 
N and maize N uptake, which can be influenced by in-season weather changes (Scharf et 







Yield level and N response contribute to the final optimum N rate. Nonetheless, 
yield level and N response need to be considered independent of one another before 
deciphering N rate recommendations for maize. If the same N rates are applied each year, 
they will not include accurate accounting for variability in soil N and maize N uptake, 
which are dramatically influenced by the changing growing conditions from one year to 
the next. Published results coming from an array of sources and from multiple sites and 
years have revealed extensive variability in optimum N rates for maize that should be 
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EFFECT OF PREPLANT/EARLY IRRIGATION, NITROGEN AND SEEDING RATE 
ON WINTER WHEAT GRAIN YIELD 
ABSTRACT 
Preplant or early irrigation in winter wheat (Triticum aestivum L.) can improve 
plant stands and lead to higher grain yields. Optimum seeding density more efficiently 
utilizes resources and optimizes yield. In lieu of groundwater storage continuing to 
decline, more precise and efficient utilization of water is needed. Wheat experiments 
were conducted to evaluate nitrogen (N) rate, seeding rate and early irrigation over three 
growing seasons near Stillwater, Oklahoma.  Experimental design was a split-split plot 
with 3 replications and nine treatments, with irrigation as the main plot. Seeding rates of 
45, 67 and 112 kg ha-1 were sub plots and that included three N rates (0, 67, 134 kg ha-1) 
as sub-sub plots. Tiller count, head count and grain yields were collected. Mid-season 
biomass and harvest index were recorded.  Results showed that, for different cropping 
seasons, grain yield, biomass, tillers, heads, grain N and harvest index depended either on 
the interaction effect or main effect or both. Early irrigation did not affect grain yield. 
Seeding rate and N rate were significant for number of heads. Midseason biomass weight 
was significant with irrigation. Harvest index was not significant for irrigation, seed rate 
and N rate or interaction effects. Grain yield response to irrigation varied considerably 
due to differences in rainfall received during the cropping season. This study showed for  
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Climate in Oklahoma ranges from humid subtropical in the east to semi-arid in 
the west (Oklahoma Climatological survey, 2015). Water can be limiting for winter 
wheat production in arid and semi-arid regions. The year 2012 encountered a severe 
drought (Hoerling et al., 2014) and one of the most expensive natural disasters in U.S 
history. Crop indemnity payments exceeded $17 billion (USDA, 2013). As increasing drought 
duration and changing rainfall patterns continue, a growing challenge is to increase crop 
production with limited water supplies.  
Winter wheat is the third largest crop in terms of production after corn and 
soybean in the US (USDA, 2016) and is a major dryland crop in Oklahoma.  The 
Oklahoma had a total planted area of 2.2 and 2.1 million hectares (5.6 and 5.3 million 
acres) in 2013 and 2014 respectively (USDA-NASS, 2015). Wheat can be planted for 
forage only, grain only and dual purpose (forage and grain). Depending on the use, wheat 
farmers use different seeding rates, amount of N fertilizer and planting dates. Winter 
wheat in Oklahoma is either irrigated or rainfed. High Plains farmers apply water five 
times in a season: Before planting (usually in September or October), after planting, and 
with two to three irrigations between April and harvest (Peck and Kirkham, 1979). The 
Ogallala aquifer has been the source of irrigation in parts of this region.
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However, in recent years, deficit irrigation is an alternative practice in winter wheat so as 
to compensate declining ground water resources and the high costs of pumping (Musick 
et al., 1994; Eck, 1988). Deficit irrigation allows conserving limited irrigation water by 
applying less water than required for potential evapotranspiration and maximum grain 
yield (Musick et al., 1994).  
Soil water and wheat growth 
The importance of available water for winter wheat yield and biomass can be 
explained in a number of ways. Winter wheat adapts well in drought or limited irrigation, 
attributed in part to deep roots that facilitate water and nutrient absorption in the soil 
profile (Aamodt and Johnston 1936). Understanding factors like soil characteristics and 
environmental conditions are crucial for water and nutrient uptake which further 
elucidate how plant roots respond to water limited conditions. Ray et al. (1974) suggested 
that small rooted plants can use limited water more efficiently. However, a large root 
system can increase grain yield by increasing water and N uptake under water limited 
conditions in Mediterranean type environments where crops depend largely on seasonal 
rainfall but increases the risk of depleting soil water in environments where crops are 
more reliant on stored soil water (Palta et al., 2011). Depending on the growing season 
rainfall, continuous cropping and elimination of fallow on dryland winter wheat can 
reduce soil water at planting as much as 11.8 cm and yield ranging from 450 to 1650 kg 
ha-1 (Nielsen et al., 2000).  In a winter wheat experiment, N fertilizer treatments indicated 
soil water extraction occurred to a depth of 183 cm while control treatments were limited 
to the upper 91 cm (Brown, 1971). Grain yield was higher and a lesser amount of water 
was left in the N treated soils when measured at maturity. 
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All crop stages are not equally susceptible to soil moisture stress. Moisture stress 
at jointing, flowering and dough stages affect spring wheat yield in Arizona (Day et al., 
1970). Wheat stressed at jointing is most critical and can decrease yield by reducing the 
total heads per unit area and reduce seeds per head. Stress at flowering and dough stage 
makes the seeds light in weight and also hastens maturity. Robins and Domingo (1962) 
studied limited irrigation of spring wheat at Prosser, Washington, and found that 
relatively high soil-moisture stress before the booting stage of plant development did not 
reduce yields. However, severe moisture stress from heading to grain maturation 
significantly decreased yields (10-35%). They further concluded that depletion of all 
available soil moisture prior to maturity should be completely avoided. Another study in 
Bushland, Texas suggested that adequate moisture from booting through grain filling 
could be an important factor influencing grain yield levels (Schneider et al., 1969). 
Similarly, Johnson and Kanemasu (1982) suggested with available irrigation option, pre-
anthesis water application can give maximum positive effect on yield. 
 
Soil moisture, N uptake, grain yield and water use efficiency 
Several researchers in the 1990’s showed that limited irrigation could maintain 
crop yield and improve product quality. Limited irrigation could also increase crop water 
use efficiency (WUE) (Zhang et al., 1998; Zhang et al., 2004). With early irrigation and 
N application, root growth was more extensive and rapid in a sandy loam soil and the 
increase in root growth was comparable with loamy sand soils. However, early irrigation 
had a much larger effect on the loamy sand (Gajri et al., 1989). Wheat grown in limited 
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soil moisture at early growth stages yielded well on fine sandy loam, clay loam and heavy 
clay soils in a greenhouse experiment in Saskatchewan. Moisture stress late in the season 
yielded poor in loam soils however clay soil was able to better distribute moisture during 
critical periods (Lehane and Staple, 1959). Increasing available soil moisture at seeding 
from 0-8 inches could increase N recovery by 30-50 % in Wisconsin wheat (Ramig and 
Rhoades, 1963). Research under rainfall and available stored condition revealed N 
response to increased grain yields was positively correlated with increasing water storage 
but not affected by rainfall (Singh et al., 1975). When the initial water storage was 
higher, rainfed wheat roots depleted more water and stimulated deep rooting. Application 
of N increased soil water use and depth of soil water extraction at different moisture 
levels in winter wheat (Kmoch et al., 1957). Increasing N fertilizer rates can reduce 
winter wheat grain yield when water limiting conditions reduce the evapotranspiration 
rate to below 62% of the potential evapotranspiration (Nielsen and Halvorson, 1991).  
Water stress during grain fill in wheat reduces photosynthesis and accelerates leaf 
senescence and thereby decreases grain yield (Kobata et al., 1992). Despite having a 
relatively deep root system in rainfed wheat, irrigated wheat yielded higher because of 
increased harvest index and higher water uptake during grain fill (Xue et al., 2003). 
Schillinger et al. (2008) conducted an experiment to compare wheat grain yield produced 
per unit of available soil water and spring rainfall for winter and spring wheat. The data 
showed winter wheat yield was higher than the spring wheat. They also found that 
modern semi-dwarf wheat cultivars use 4.2 cm less available water than taller cultivars.
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Present literature has shown increased WUE with limited water supply during 
different growth stages of wheat. Experiments conducted by Bushong et al. (2014) near 
Altus, OK showed preplant irrigation could increase grain yield and WUE in winter 
wheat. Water use efficiency was maximized when evapotranspiration was around 35 % 
with an average 60-140 mm seasonal irrigation (Zhang et al., 2008). Furthermore, WUE 
for irrigated wheat doubled that of dryland wheat in the Southern Plains of the U.S 
(Musick et al., 1994).  
Seeding rate and grain yield 
Seeding rate is a major factor influencing nutrient uptake and grain yield. Seeding 
rate has long been studied as an integral part of wheat production and productivity 
(Geleta et al., 2002). Past research shows a variation in the response of winter wheat 
grain yield to seeding rate (Lloveras et al., 2004; Staggenborg et al., 2003). Optimum 
planting density can greatly vary depending on the climatic condition, soil, sowing time 
and varieties. Geleta et al. (2002) reported that grain protein concentration decreased with 
increased seeding rate. Grain volume weight was lowest at a seeding rate 16 kg ha-1 but 
increased when seeding rate was increased to 65 and 130 kg ha-1. Kiesselbach and 
Sprague (1926) suggested that increasing the seed rate from 34 to 101 kg ha-1 resulted in 
a linear increase in grain yield and concluded that the seeding rates of 84 to 101 kg ha-1 
were practical for eastern Nebraska. For Northern Great Plains spring wheat, Chen et al. 
(2007) recommended narrow row spacing for high grain yield. Olaru et al. (2008) 
suggested that seeding rates influenced quality indicators like wet gluten content. 
However, research conducted in North Dakota showed that seeding
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rate did not significantly affect grain quality, milling, and baking quality of winter wheat 
(Otteson et al., 2008). Staggenborg et al. (2003) showed that winter wheat requires 
different seeding and N rates when planted in no-till after grain sorghum and soybean. 
The research showed that seeding rates of 134 kg ha-1 or higher were able to produce 
maximum grain yields regardless of the previous crop which was 35 kg ha-1 higher than 
the recommended seeding rate for continuous winter wheat. 
 
 Nitrogen rate and grain yield 
Proper N fertilizer management is necessary for winter wheat production in 
rainfed systems to optimize grain yield and protein. Terman et al. (1969) suggested that N 
applied with adequate water increases grain yield, and N with severe water deficit can 
increase grain protein whereas in intermediate situations, increase both grain yield and N. 
However, Halloran (1981) and Pearman et al. (1978) suggested that higher grain yields 
may not give higher protein as yield and protein are inversely related due to energy 
constraints and dilution effects within the plant. Nitrogen is mobile in the soil and plant 
and thus subject to loss through different processes. Nitrogen can be leached in the form 
of nitrates, volatilize from the soil surface and from the plant surface. The estimate of 
gaseous N loss from winter wheat plants ranged from 4 kg ha-1 to 27.9 kg ha-1 with 
preplant N rates ranging from 30 to 180 kg ha-1 and most of the loss observed between 
anthesis and 14 days post anthesis (Kanampiu et al., 1997).  Sowers et al. (1994) 
recommended spring N application either top dress or injecting N over preplant 
application in dryland soft winter wheat to get higher N recovery and higher nitrogen use 
efficiency (NUE). Placement of N fertilizer is a critical part of N management and can  
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influence both yield and NUE. Late season foliar N application can improve the grain 
yield and grain N content in winter wheat (Woolfolk et al., 2002). 
Much of the research on irrigated winter wheat has shown higher yield ranging 
with seasonal and timely application of water. In Oklahoma, it would be interesting to see 
if the preplant/early irrigation application on winter wheat has some effect on the grain 
yield of dryland winter wheat that primarily depends on seasonal precipitation. The 
objectives of this research were to investigate the influence of (i) seeding rate (SR), (ii) N 
rate (NR), and (iii) early irrigation on biomass accumulation, grain yield, protein content, 




MATERIALS AND METHOD 
 
 
Field trials for winter wheat were established at EFAW, southcentral Oklahoma 
for 3 years starting in the fall of 2013 in order to evaluate grain yield and biomass 
accumulation as a function of seeding rate, N rate and early irrigation. Central Oklahoma 
has a subtropical climate with long-term average annual precipitation of 86 cm (34 in) per 
year (Oklahoma Climatological survey, 2015). Based on the precipitation in Oklahoma, 
the year 2011 was the second driest since 1925 (Shivers and Andrews, 2013).  Average 
length of growing season ranges from 170 to 230 days (Oklahoma Climatological survey, 
2015). A brief summary of the soils utilized for each cropping season is reported in Table 
3. 
The experimental design was a split plot with irrigation as the main plot (Table 1 
and 2). This design included 3 replications and 9 treatments in each main plot, with plot 
sizes of 3.05 m wide by 6.10 m long. There were 10 rows in each plot with a row spacing 
of 30.5 cm. Seeding rates 45, 67 and 112 kg ha-1 were randomized within N subplots (0, 
67, 134 kg ha-1). The seeding drill was calibrated for three seed rates. Irrigation was 
applied using mobile sprinkler units. The depth or thickness of water layer in the soil was 
calculated in cm using following formula. 
Water depth (cm) =
Volume of water (cubic cm)




The amount and time of irrigation is reported in Table 5. Plots not receiving 
irrigation were continuously tilled to expose the soil surface to deplete soil moisture 
while plots to receive irrigation were plowed once. Initial soil moisture content at surface 
was measured by using core method for 2013 and 2014. The gravimetric water 
content, bulk density, and volumetric water content calculated for 6 cm depth for the 
growing season 2014-15, and 2015-16 are reported in Table 2. The preplant soil chemical 
properties for (0-15 cm) and post-harvest soil chemical properties are represented in 
Table 4. 
Green Seeker™ normalized difference vegetation index (NDVI) sensor readings 
were collected at Feekes growth stages 4, 5, 6 and 7. All NDVI readings were 30 cm 
above the canopy from the center of each plot.  Green Seeker™ calculates NDVI with the 
formula:  
NDVI = (NIRref – Redref)/ (NIRref + Redref)  
 Red reflectance (Redref) is calculated by dividing red reflected light by 
red incident light and similarly, NIR reflectance (NIRref) is calculated by dividing NIR 
reflected light by NIR incident light. Mid-season readings including tiller count/head-
count was taken in 25 cm of each row, from five random rows in each plot. The total 
tiller count/head-count value for 1 m2 was calculated using the formula: 
Tiller or head count =
100 cm ∗ tillers or heads ∗ 3
25 cm
 
The mid-season shoot biomass was taken at Feekes 5 growth stage of wheat. 
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Biomass was collected for 25 cm of two border rows in each plot. The biomass for 1 m2 
was calculated by using the formula:  
Biomass weight =
100 cm ∗ weight ∗ 3
25 cm
 
At maturity, wheat was harvested using a self-propelled combine in 2014 and 
manually for other years. Wheat above ground biomass at harvest was also collected 
using a 1m2 frame from each plot. The initial weight of bundles and final weight after 
keeping them at room temperature for 2-3 days were collected. Grain was threshed and 
weighed separately. Harvest ratio was calculated using a wheat grain yield to biomass 
ratio. Samples collected from each plot were adjusted to 12.5% moisture. Grain samples 
were dried for 48 hours at 70°C, and then ground and rolled to pass a 100 μm sieve. Total 
grain N content was analyzed with a LECO TruSpec (LECO Corp., St. Joseph, MI) dry 
combustion analyzer (Schepers et al., 1989). Grain protein was calculated by multiplying 
total N by 5.7 (Mosse, 1990). Climatological data available online via Mesonet 
(mesonet.org) was used to understand the possible effects on the yield and biomass of 
winter wheat. 
The dependent variables included grain yield, tiller count, head count, mid-season 
biomass, harvest index, NDVI, and grain N. Statistical analysis was performed to 
evaluate main and interaction effects of early irrigation, Seeding rate and N rate for each 
year and location. Analysis of variance (ANOVA) and means by year were performed for 







Statistical analysis for all the dependent variables was performed by site and year. 
The treatment structure was same for all growing seasons and that is reported in Table 1. 
Field activities including preplant N application, planting wheat, irrigation, biomass 
collection, tiller count, head count, and harvest date for all growing seasons are reported 
in Table 5. Total rainfall and average air temperature data for all three growing seasons 
and the 19-year average from the nearest Mesonet© station, Stillwater are reported in 
Figures 1 and 2. In addition, the fractional water index (FWI) data for 5 and 25 cm depths 
are reported in Figures 3 and 4. Dependent variable results over three growing seasons 
are reported in Tables 6, 8, and 10.  Main effects and interaction effects for all variables 
are reported in Tables 7, 9, and 11. Excel graphs are used to show the results for 
dependent variables with and without irrigation for each cropping season (Figure 5-22).  
The results are explained by each cropping season and include observations for all 
variables. 
Cropping season 2013-14 
Rainfall and temperature data by cropping season were compared to the 19-year 
average (Figure 1 and 2). The Mesonet© station, in Stillwater recorded the temperature 
range from 1ºC to 25 ºC.  December through February was cool and a gradual increase in 
temperature afterward was favorable for wheat growth and development  
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during the growing season. Although the rainfall was below average, 41 mm rain was 
received in November which was enough for initial wheat growth and development. 
Later in the growing season continuous rain was received and in June 126 mm was 
recorded. In addition, the fractional water index at 5 cm and 25 cm recorded a good soil 
moisture status for initial growth stages until March. The FWI at both depths was as low 
as 0.15 during mid-April to mid-May. 
Grain yield   
Grain yields for 2013-14 data ranged from 1682-1937 kg ha-1 and an average of 
1845 kg ha-1 without early irrigation (Table 6). The check plot had highest yield above 
1900 kg ha-1. With early irrigation grain yields ranged from 1336-1512 kg ha-1 for which 
the highest seed rate with no N application (check plot) gave higher yield (Table 6). 
However, this was not even close to the minimum yield from the non-irrigated plot. Grain 
yields yielded higher and were above State average yields 1143 kg ha-1 (17 bu ac-1) 
(USDA, 2016a). However, finding lower yields in the irrigated plots was not expected.  
The main effect showed that grain yields were significantly different with 
irrigation treatment (Table 7). Grain yield level was highly significant for seeding rate, 
but not for N rate. A significant two-way interaction was observed between early 
irrigation and seed rate. 
Tiller count and head count  
Number of tillers ranged from 270-418 and 197-317 with an average of 357 and 
261 for non-irrigated and irrigated plots respectively (Table 6). For the non-irrigated 
section, the tiller numbers were higher with highest seeding rate (112 kg ha-1) .
40 
 
However, there was not much difference between other seeding rates on tiller count. For 
the irrigated section, the number of tillers were lower even in the treatments with highest 
seeding rates. There were fewer heads compared to number of tillers in both irrigated and 
non-irrigated plots. The number of heads were not high at higher seed rates for non-
irrigated sections. Number of heads ranged from 143-210 and 110-183 with an average of 
164 and 138 for non-irrigated and irrigated sections respectively (Table 6).  
Tiller number was highly significant for irrigation and seeding rate (Table 7). A 
significant two-way interaction between irrigation and seed rate and three-way interaction 
was observed between irrigation, seed rate and N. Number of heads were highly significant 
with irrigation and seed rate. Interactions were not observed (Table 7). 
FK2/ FK3/ FK5/ FK7 NDVI 
 The NDVI values for FK2 ranged from 0.22-0.26 with an average of 0.24. 
Similarly, NDVI ranged from 0.22-0.30, 0.34-0.41, and 0.43-0.51 and averaged 0.25, 
0.37 and 0.48 for FK3, FK5 and FK7 growth stages respectively (Table 3). The NDVI 
values increased with each growth stage. With irrigation the NDVI value ranged from 
0.21-0.24, 0.21-0.27, 0.27-0.34 and 0.34-0.41 and averaged 0.23, 0.23, 0.3 and 0.37 for 
FK 2, FK3, FK5 and FK7 growth stages respectively (Table 6).  
The NDVI values for FK2 were significant (p≤0.01) for irrigation and a 
significant interaction between irrigation and N rate was observed (alpha = 0.05) (Table 
7). The FK3 NDVI values were significant for irrigation and seed rate. Both FK5 and 
FK7 NDVI were highly significant for irrigation (Figure 17, Table 7). Values for FK7 
NDVI were highly significant for N application (Figure 18, Table 7).  
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Grain N  
Grain N for non-irrigated and irrigated sections ranged from 21.3-25.3 g kg-1 and 
22.3-25.7 g kg-1 with an average value of 23 g kg-1 and 25 g kg-1 respectively (Table 6). 
Clearly there was an inverse relationship between grain N and grain yield in irrigated and 
non-irrigated sections. Yields were higher for non-irrigated and while grain protein was 
lower and vice-versa for irrigated plots. Grain N was highly significant (p≤0.001) for 
irrigation and N rate. Similarly grain N was significant (p≤0.05) for seed rate (Table 7).   
Cropping season 2014-15 
Days were cooler from December to February and gradually got warmer in March 
when compared to the 19-year average.  Although rainfall was below average from 
October to April, monthly rainfall distribution was uniform and enough rainfall was 
received during the wheat growing cycle. The soil had good amount of moisture for 
initial growth and development. The fractional water index for the 5cm depth was above 
0.6 throughout the growing season (Figure 3). The fractional water index for the 25 cm 
depth ranged from 0.92-0.41 (Figure 4). Rainfall was highest (234 mm) in May (Figure 
2). The soil was wetter late in the growing season. 
Grain yield  
Yield data from 2014-15 ranged from 1017-1767 kg ha-1 with an average of 1344 
kg ha-1 for non-irrigated plots. This year yields for irrigated plots were higher and ranged 
from 1267-2017 kg ha-1 with an average of 1535 kg ha-1. Overall yield for irrigated and 
non-irrigated plots were lower than the Oklahoma State average which was 1748 kg ha-1 
(26 bu ac-1) (USDA, 2016a) (Table 8).  
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Grain yield was significant for seed rate and N rate at the 5% probability levels (Table 9). 
No interactions were found to be significant.  
Mid-season biomass 
 The biomass collected in the FK5 stage ranged from 31-65 g m-2 and 23.5-61 m-2 
and averaged 52 g m-2 and 38 g m-2 for non-irrigated and irrigated plots (Table 8). Plots 
with no irrigation had higher biomass than irrigated plots. Treatments with higher seed 
rates had higher biomass weight. The biomass weight was significant (p≤0.05) for 
irrigation and seed rate. No other main effect and/or interaction effects were significant 
(Table 9). 
Head count 
Number of heads ranged from 171-245 m-2 with an average of 199 m-2 without 
irrigation and ranged from 172-307 m-2 with an average of 224 m-2 with irrigation (Table 
8). Number of heads were significant for irrigation, seed rate, and N rate at 0.05, 0.01 and 
0.05 probability levels respectively (Table 9).  
FK3/ FK4/ FK6 NDVI 
 The NDVI values for FK3, FK4 and FK6 ranged from 0.24-0.29, 0.30-0.35, 0.56-
0.75 with an average of 0.26, 0.32, and 0.68 respectively for non-irrigated plots (Table 8). 
For irrigated sections, the FK3 ranged from 0.23-0.30 with an average of 0.26, FK4 
values ranged from 0.27-0.31 with an average of 0.29 and FK7 ranged from 0.57-0.75 
with an average of 0.67 respectively. Values for FK3 NDVI were highly significant 
(p≤0.001) for seed rate (Table 9). A significant (p≤0.05) two-way interaction was 
observed between seed rate and N rate. At Feekes growth stages 4 NDVI value  
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was significant for irrigation and seed rate at the 0.01probability level. Similarly, FK6 
NDVI was significant for seed rate and N rate at the 0.01 probability level (Figure 19, 
20). A significant (p≤0.05) two-way interaction was found between irrigation and seed 
rate (Table 9). 
 
Harvest index 
Harvest index ranged from 0.24-0.33 and 0.27-0.58 with an average of 0.29 and 
0.46 for non-irrigated and irrigated sections, respectively (Table 8). The value was 
comparatively higher for irrigated plots. Harvest index was not significantly different for 
main effects and/or interactions effect (Table 9).  
 Grain N 
 Grain N ranged from 22-24 g kg-1 and 21-24 g kg-1 for non-irrigated and irrigated 
sections, respectively with an average of 23 g kg-1 for both of the sections (Table 8). 
Grain N was significant for seed rate and N rate at 0.05 and 0.01 probability levels, 
respectively (Table 9). 
Cropping season 2015-16 
 January to March was cooler and got warmer in March (Figure 1). The total 
monthly rainfall data fluctuated when compared with the 19-year average. The year 
2015-16 received higher rainfall over the growing season which was above 50 mm for all 
months except January and February. The highest was 141 mm in April. Fractional water 
index for the 5 cm depth recorded an average of 0.65 and this index was better at the 25 
cm soil depth and documents adequate soil moisture  
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conditions for proper growth and development of winter wheat.  
Grain yield   
Grain yield level for 2015-16 ranged from 1119-1799 kg ha-1 and 1043-1860 kg 
ha-1, yielded an average of 1393 kg ha-1 and 1477 kg ha-1 without and with irrigation, 
respectively (Table 10).  There was no significant difference between the irrigated and 
non-irrigated plots. Rainfall during the cropping season might have minimized the yield 
difference. Grain yield was not significantly different for either main effect or interaction 
effect (Table 11). Despite of the suitable environmental and rainfall conditions available 
for the winter wheat growth grain yields were much lower than the State average yield 
2690 kg ha-1 (40 bu ac-1) (USDA, 2016b). 
Mid-season biomass  
Mid-season biomass recorded ranged from 25.8-36.3 g m-2 and 29-33 g m-2 with 
an average value of 33 g m-2 and 19 g m-2 without and with irrigation, respectively. 
Biomass was higher for non-irrigated sections (Table 10). Biomass was significant for 
irrigation at the 0.05 probability level (Table 11).  
Head Count 
Head count number ranged from 204-319 m-2 and 183-289 m-2 and an average of 
274 m-2 and 235 m-2, respectively without and with irrigation (Table 10). Higher yields 
were expected with higher head counts for non-irrigated plots.  Similarly, it was 
significantly different for seed rate and N rate at 0.01 and 0.05 probability levels, 
respectively (Table 11). 
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FK1/ FK2/ FK3/ FK4/ FK5/ FK6/ FK7 NDVI 
 The NDVI values recorded had a range of 0.17-0.18, 0.21-0.26, 0.23-0.31, 
0.30-0.41, 0.49-0.77, 0.55-0.76, and 0.55-0.75 for FK, FK2, FK3, FK4, FK5, FK6, and 
FK7 growth stages with an average value of 0.18, 0.23, 0.27, 0.36, 0.66, 0.66, and 0.67 in 
respectively without irrigation (Table 10). Similarly, with irrigation NDVI values ranged 
from 0.17-0.18, 0.19-0.24, 0.19-0.27, 0.25-0.38, 0.45-0.64, 0.44-0.68 and 0.49-0.68 for 
FK1, FK2, FK3, FK4, FK5, FK6, and FK7 with an average value of 0.18, 0.22, 0.24, 
0.32, 0.57, 0.57, and 0.59 respectively (Table 10). The average NDVI value increased as 
biomass increased at each growth stage. 
The NDVI values for FK5, FK6, and FK7 were highly significant (p≤0.001) for 
irrigation and N rate. For FK5 and FK6 significant two way interactions were observed 
between irrigation and seed rate at the 0.05 probability level.  The values of NDVI for 
FK1-FK4 were highly significant (p≤0.001) for seed rate (Table 11). 
Harvest index 
 Harvest index ranged from 0.18-0.32 and 0.18-0.33 and averaged 0.23 and 0.26 
without and with irrigation, respectively (Table 10). Harvest index was not significant for 
either main effect or interactions effect (Table 11). 
Grain N  
Grain N content with and without irrigation ranged from 18.7-20 g kg-1 and 17-
21.3 g kg-1 respectively with an average of 19 g kg-1 for both (Table 10). Grain N was 
significant for N rate, seed rate and the interaction between irrigation and seed rate at 






Grain yield was higher without irrigation in 2013. Fractional water index was 
above 0.65, and 0.6 at 25 cm and 5 cm depth of soil throughout the growing season 
indicating no soil moisture constraint. Initial volumetric water content showed an average 
15 % for the non-irrigated plots and average 19 % for irrigated plots (Table 2). Winter 
wheat in this year received enough rainfall for initial growth and development. Yield was 
significant for main effects: seeding rate, and irrigation, and interaction effects of 
irrigation and seed rate although highest yield was observed with no preplant N 
application in 2013. The tillers and heads were higher at higher seeding rates. Research 
suggested higher tillering at higher seed rates (Hameed et al., 2003, Khokar et al., 1985).  
Higher seed rate provides greater number of primary tillers per square meter, which 
causes the formation of grains with larger size and mass (Zecevic et al., 2013). The tillers 
and heads were higher for the non-irrigated plots and this might have contributed to 
higher yields (Figure 7). With lower seeding rates a greater number of secondary tillers 
were created which produce small grains with less weight and poor quality. In addition, 
the check plot yielded more than N treated plots and suggests the possibility of higher N 
mineralization that led to higher yields. Similar results were observed with other long-
term experiments and that were reported by Dhital and Raun (2016). 
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In 2014-15 grain yield was not significant for irrigation. Puri et al. (1988) 
suggested one irrigation at tillering could significantly increase grain yield and grain 
yield components when compared to the only preplant irrigation. Grain yield was only 
significant for two main effects: seed rate and N rate. The overall grain yield was lower 
than the state average yield 1748 kg ha-1 (26 bu ac-1).  A possible reason for yield loss 
could be the late November planting. Zeb at al. (1987) suggested that grain yield 
decreased progressively with delayed planting. Winter and Musick (1993) found 
November planting reduced grain yield because of insufficient rooting to fully extracts 
soil water from below 1.2 m. In addition, initial soil N level was lower than expected. 
Presence of weeds might also have impacted yields. Herbicides were sprayed for 
weed control but continuous rain later in the growing season promoted growth of wild 
buckwheat. Thus the presence of weeds might have contributed to the lower yields for 
2014-2015. Similarly, Grain yields were not significant for irrigation for 2015-16. This 
might be possible because enough rainfall was received throughout the growing season. 
Grain N was significant for main effects: seed rate, N rate and irrigation. 
Similarly, significant for interaction effects: irrigation and replication; and irrigation, and 
seed rate. In addition, grain N linearly increased with increased N rate for irrigated 
conditions for 2013-14. In 2014-15 grain N was significant for two main effects seed rate 
and N rate. Overall grain N was higher in the check plot than other preplant applied N 
plots (Figure 9). Similarly, for 2015-16 grain N was significant for two main effects: N 
rate, seed rate, and interaction of seed rate and irrigation. Also, preplant soil N level and 
midseason soil N level was lower (Table 2). 
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Mid-season biomass weight was significant for irrigation for both years.  Biomass 
weight was significant for N rate for 2014-15. Harvest index was not significant for main 
effects and interaction effects for both years. Tiller and head counts were highly 
significant for irrigation, and seed rate. A significant two-way interaction was observed 
between irrigation and seed rate for year 2013-14. Similarly, a significant two-way 
interaction between irrigation and seed rate was found for tillers. Heads were significant 






The objective of this study was to investigate the influence of seeding rate, N rate 
and early irrigation on biomass accumulation, grain yield, protein content and harvest 
index. 
Early irrigation did not affect grain yield. Grain yields were not significantly 
different for all years. Grain yield response to irrigation varied considerably due to 
differences in rainfall received during the cropping season.  Nitrogen rate positively 
influenced N uptake and amount of grain N. Seeding rate and N rate were significant for 
number of heads. Midseason biomass weight was significant with irrigation. Harvest 
index was not significant for either main effects or interaction effects. 
This study showed for the given environmental conditions, early irrigation has no 
effect on winter wheat grain yields.  This observation needs to be tied to wheat 
production environments where enough rainfall was received over the growing season for 
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Figure 1. Relationship between maize grain yield and optimum N rate computed using the Zero-N 
check and the high N rate, maize growing regions of the United States, 1958-2010. 
y = 0.0154x + 6.0567
R² = 0.20
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Figure 2.  Nitrogen response Index (RI) in a conventional-till maize experiment over 49 years, 
Arlington, WI. (RI 0-N determined by dividing high N rate yield by 0-N check; RI Mid-N 
determined by dividing high N rate yield by mid N rate yield). 
 
 
Figure 3. Nitrogen response Index (RI) in a conventional-till maize experiment over 11 years, 
Shelton, NE. (RI 0-N determined by dividing high N rate yield by 0-N check; RI Mid-N 
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Figure 4. Nitrogen response Index (RI) in a conventional-till maize experiment over 32 years, 
Nashua, IA. (RI 0-N determined by dividing high N rate yield by 0-N check; RI Mid-N 
determined by dividing high N rate yield by mid N rate yield). 
 
 
Figure 5. Nitrogen response Index (RI) in a conventional-till maize experiment over 25 years, 
NIRF, Kanawha, IA. (RI 0-N determined by dividing high N rate yield by 0-N check; RI Mid-N 
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Figure 6. Nitrogen response Index (RI) in a conventional till maize experiment, over 20 years, 
Lexington, KY. (RI 0-N determined by dividing high N rate yield by 0-N check; RI Mid-N 
determined by dividing high N rate yield by mid N rate yield). 
 
 
Figure 7. Nitrogen response Index (RI) in a no-tillage maize experiment, over 20 years, 
Lexington, KY. (RI 0-N determined by dividing high N rate yield by 0-N check; RI Mid-N 
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Table 1. Maize grain yield for the 0-N treatment (check plot), high-N treatment, and a computed 
optimum N rate in 26 field experiments that included 198 site years of published data in maize 
growing regions of the United States 1958–2010. 
 
† CT, conservation tillage; Martin A, yield data from continuous maize experiment; Martin B, yield data from virgin soil 
experiment; MT, minimal tillage; NT, no tillage; PT, moldboard plow tillage; RS, row spacing.  
‡ Range in the recorded maize grain yields for the check plot where no N was applied.  
ɠ Range in the recorded maize grain yields for the high N rate treatment in each experiment. These high N rates 
ranged from 1.8 to13.3 Mg ha-1.  
¶ Optimum N rates determined by subtracting the yield the check (0N) treatment from the yield in the high N 
treatment, multiplying by a known N concentration, and dividing by a fixed nitrogen use efficiency (NUE), set at 0.33. 
 
 
Source † Location Years 
Time 
period 
 Yield Range  Optimum  N rate¶ 
 0-N ‡  High N ɠ Min Max Avg. SD 
    -------- Mg ha-1 -------- --------- kg ha-1--------- 
Bundy et al. (2011) WI 21 1958-1983 1.6-7.6 4.3-8.8 50 233 130 53 
Bundy et al. (2011) WI 9 1984-1997 2.7-5.6 5.7-9.96 58 235 179 51 
Mallarino and Torres (2006) IA 20 1979-2003 0.8-5.9 5.1-12.4 81 237 165 49 
Mallarino and Torres (2006) IA 14 1985-2010 1.4-6.2 5.3-12.8 134 239 197 32 
Varvel et al. (2007) NE 5 1995-2005 6.6-10.9 10.4-13.3 73 193 131 49 
Jokela et al. (1989) Carroll MN 3 1982-1984 5.5-7.3 7.1-9.1 5 131 84 69 
Jokela et al. (1989) Webster MN 3 1982-1984 1.7-5.6 1.8-8.7 70 113 91 21 
Fenster et al. (1976) Waseca MN 5 1970-1975 3.2-7.4 7.1-10.6 60 199 135 50 
Fenster et al. (1976) Martin A MN 7 1970-1976 3.8-8.2 4.0-9.6 23 126 69 36 
Fenster et al. (1976) Martin B MN 6 1971-1976 6.2-11.3 6.2-12.0 0 37 18 15 
Al Kaisi et al. (2003) CO 3 1998-2000 5.6-10.2 8.3-10.8 66 111 91 23 
Ismail et al. (1994) NT KY 20 1998-2000 2.1-7.4 5.2-10.9 35 230 128 46 
Ismail et al. (1994) CT KY 20 1970-1990 1.9-9.5 3.5-10.4 0 203 98 52 
Rice et al. (1986) NT  KY 15 1970-1985 3.1-4.9 5.7-9.2 102 178 144 30 
Rice et al. (1986) CT KY 15 1970-1985 1.9-6.1 5.0-8.8 69 204 124 47 
Stecker et al. (1993) Columbia MO 3 1988-1990 3.3-5.6 6.0-10.1 99 194 153 49 
Stecker et al. (1993) Novelty MO 3 1988-1990 4.5-7.2 6.7-9.9 45 182 103 71 
Stecker et al. (1993) Corning MO 2 1989-1990 5.0-6.0 8.2-8.5 90 117 104 20 
Peterson et al. (1989) NE 4 1983-1986 2.1-6.4 3.9-10.0 11 218 104 88 
Eck (1982) TX 2 1977-1978 2.7-4.4 5.6-5.9 59 116 88 40 
Shapiro et al. (2006) RS 51cm NE 3 1996-1998 6.2-8.9 9.4-11.1 69 96 83 13 
Shapiro et al. (2006) RS 76cm NE 3 1996-1998 5.0-8.9 7.1-11.0 13 114 75 54 
Meisinger et al. (1985) MT MD 4 1974-1977 1.8-2.6 5.8-8.2 127 233 183 45 
Meisinger et al. (1985) PT MD 4 1974-1977 2.7-4.2 5.1-8.1 36 196 142 75 
Gehl et al. (2005) Rossville KS 2 2001-2002 6.4-7.9 11.3-12.6 182 204 193 15 
Gehl et al. (2005) Scandia KS 2 2001-2002 2.7-7.4 3.8-11.5 51 160 105 77 
Total  198     Average 62 173 120 45 





Figure 1. Average monthly air temperatures during 201-14, 2014-15, and 2015-16 winter wheat 
growing season at Stillwater (nearest Mesonet weather station to Efaw), OK. 
 
 
Figure 2. Total monthly rainfall during 2013-14, 2014-15, and 2015-16 winter wheat growing 






































Figure 3. Average monthly fractional water index for average 5 cm depth during the 2013-2014, 
2014-2015 and 2015-16 winter wheat growing season at Stillwater (nearest Mesonet weather 
station to Efaw), OK. 
 
 
Figure 4. Average monthly fractional water index for average 25 cm depth during the 2013-2014, 
2014-2015 and 2015-16 winter wheat growing season at Stillwater (nearest Mesonet weather 
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Figure 5. Average NDVI values collected at Feekes growth stages with seeding rates for irrigated 
and non-irrigated plots of winter wheat for the cropping season 2013-14 at Stillwater, OK. 
 
 
Figure 6. Average NDVI values collected at Feekes growth stages with preplant N rates for 
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Figure 7. Average NDVI values collected at Feekes growth stages with seeding rates for irrigated 
and non-irrigated plots of winter wheat for the cropping season 2014-15 at Stillwater, OK. 
 
 
Figure 8. Average NDVI values collected at Feekes growth stages with preplant N rates for 











































Figure 9. Average NDVI values collected at Feekes growth stages with seeding rates for irrigated 
and non-irrigated plots of winter wheat for the cropping season 2015-16 at Stillwater, OK. 
 
 
Figure 10. Average NDVI values collected at Feekes growth stages over different nitrogen rates 


















Irrigation and Seeding rate (kg ha-1)
No-Irrig 45 Irrig 45
No-Irrig 67 Irrig 67

















Irrigation and Nitrogen rate (kg ha-1) 
No-Irrig 0 Irrig 0
No-Irrig 67 Irrig 67
No-Irrig 134 Irrig 134
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Table 1. Treatment structure employed at Central Oklahoma Station near Stillwater, 






   (lb/acre)               (kg/ha) 
Seeding Rate 
(lb/acre)              (kg/ha) 
1 Yes 0 0 40 45 
2 Yes 0 0 60 67 
3 Yes 0 0 100 112 
4 Yes 60 67 40 45 
5 Yes 60 67 60 67 
6 Yes 60 67 100 112 
7 Yes 120 134 40 45 
8 Yes 120 134 60 67 









   (lb/acre)               (kg/ha) 
Seeding Rate 
(lb/acre)              (kg/ha) 
1 No 0 0 40 45 
2 No 0 0 60 67 
3 No 0 0 100 112 
4 No 60 67 40 45 
5 No 60 67 60 67 
6 No 60 67 100 112 
7 No 120 134 40 45 
8 No 120 134 60 67 
9 No 120 134 100 112 
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Table 2. Preplant gravimetric water content, bulk density and volumetric water content for 
irrigated and non-irrigated plots for cropping season 2013-14 and 2014-15. 
Year Replication Irrigation 
Gravimetric Water Content 
g water g soil-1 
Bulk Density 
(g cm-3) 
Volumetric Water Content 
cm3 cm-3 
2013-14 Rep 1 No 0.12 1.14 0.14 
2013-14 Rep 2 No 0.13 1.12 0.14 
2013-14 Rep 3 No 0.14 1.28 0.17 
2013-14 Rep 1 Yes 0.15 1.15 0.17 
2013-14 Rep 2 Yes 0.15 1.38 0.21 
2013-14 Rep 3 Yes 0.16 1.26 0.20 
2014-15 Rep 1 No 0.15 1.44 0.21 
2014-15 Rep 2 No 0.15 1.49 0.22 
2014-15 Rep 3 No 0.18 1.40 0.25 
2014-15 Rep 1 Yes 0.16 1.53 0.24 
2014-15 Rep 2 Yes 0.17 1.45 0.25 
2014-15 Rep 3 Yes 0.17 1.50 0.25 
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Table 3. Soil map unit and taxonomic classification for cropping season 2013-14, 2014-15 
and 2015-16. 
Year Location Soil Mapping Unit Major Component Soil Taxonomic 
Classification 




Efaw Easpur loam, 
occasionally flooded, 0-
1% slope 
Fine-loamy, mixed, superactive, 
thermic Fluventic Haplustolls 
 
 
Table 4. Surface soil (0- 15 cm) test characteristics at Efaw for cropping season 2013-14, 
2014-15 and 2015-16. 
Year Replication Irrigation Time NH4- N NO3- N† P‡ K£ pH± 
    ----------------  (kg ha
-1) -------------  
2013-14  No preplant 40 118 233 1281 5.2 
2013-14  Yes preplant 35 75 219 677 6.3 
2014-15  No preplant 8.4 16 220 145 6.5 
2014-15  Yes preplant 6 20 201 302 7 
2014-15 R1 No post-harvest 5 15 293 453 6.5 
2014-15 R2 No post-harvest 2 11 294 217 6.6 
2014-15 R3 No post-harvest 3 13 288 194 6.7 
2014-15 R1 Yes post-harvest 3 12 288 169 6.7 
2014-15 R2 Yes post-harvest 3 11 292 159 6.9 
2014-15 R3 Yes post-harvest 3 14 322 333 6.2 
2015-16 R1 No preplant 3 12 218 323 6.9 
2015-16 R2 No preplant 2 10 241 76 6.9 
2015-16 R3 No preplant 2 11 221 177 6.9 
2015-16 R1 Yes preplant 2 14 211 102 7.1 
2015-16 R2 Yes preplant 2 15 231 50 7.3 
2015-16 R3 Yes preplant 1 17 211 187 6.6 
2015-16 R1 No midseason 1 14 204 312 6.7 
2015-16 R2 No midseason 1 17 239 225 7.2 
2015-16 R3 No midseason 1 17 242 260 7.0 
2015-16 R1 Yes midseason 0 18 235 112 7.0 
2015-16 R2 Yes midseason 1 16 247 108 7.3 
2015-16 R3 Yes midseason 1 19 269 313 6.6 
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Table 5. Date for the field activities performed during the winter wheat growing season. 
Activities 2013-14 2014-15 2015-16 
Preplant N 11/13/2013 11/11/2014 11/24/2015 
Soil Moisture 11/13/2013 11/11/2014 11/24/2015 
Planting 11/19/2013 11/11/2014 11/24/2015 
Irrigation 11/7/2013- 12/11/2014- 12/08/2015- 
 11/11/2013 12/17/2014 1/28/2016 
 (4.5 cm) (5.0 cm) (4.5cm) 
Variety Gallaghar Iba Iba 
Mid-season 
Biomass 
- 4/1/2015 3/24/2016 
Tiller count 4/18/2014 - - 
Head Count 6/17/2014 6/17/2015 6/10/2016 






Table 6. Treatment means for all NDVI, number of tillers, number of heads, grain yield, and grain N for winter wheat affected 






























CV – coefficient of variation, % 
SED, standard error of the difference between two equally replicated means 




















1 No 45 0 0.223 0.230 0.335 0.434 331 170 1915 21.3 
2 No 67 0 0.216 0.220 0.343 0.478 270 144 1908 24.0 
3 No 112 0 0.219 0.226 0.338 0.497 404 143 1937 24.7 
4 No 45 67 0.238 0.257 0.363 0.457 370 149 1790 20.3 
5 No 67 67 0.234 0.257 0.394 0.481 358 147 1682 23.7 
6 No 112 67 0.219 0.242 0.390 0.506 413 169 1900 25.3 
7 No 45 134 0.257 0.290 0.371 0.431 344 160 1793 21.3 
8 No 67 134 0.254 0.275 0.379 0.507 308 210 1900 24.3 
9 No 112 134 0.257 0.296 0.405 0.510 418 183 1783 24.7 
 Means   0.24 0.25 0.37 0.48 357.26 163.78 1845.37 23.30 
 CV, % 9.66 12.14 12.21 9.86 28.56 22.48 10.32 8.06 
 SED 0 0.01 0.01 0.01 19.64 7.09 36.64 0.36 
1 Yes 45 0 0.223 0.211 0.275 0.349 301 113 1341 24.0 
2 Yes 67 0 0.212 0.211 0.265 0.338 270 122 1336 25.0 
3 Yes 112 0 0.221 0.224 0.292 0.377 228 141 1512 26.0 
4 Yes 45 67 0.215 0.224 0.277 0.334 275 110 1347 23.3 
5 Yes 67 67 0.222 0.225 0.287 0.358 300 123 1404 25.0 
6 Yes 112 67 0.221 0.222 0.295 0.364 241 136 1397 25.3 
7 Yes 45 134 0.235 0.265 0.310 0.373 317 156 1445 22.3 
8 Yes 67 134 0.243 0.266 0.339 0.409 222 183 1472 25.3 
9 Yes 112 134 0.237 0.257 0.317 0.386 197 158 1378 25.7 
 Means   0.23 0.23 0.3 0.37 261.15 138 1403 24.67 
 CV, % 5.79 9.73 9.76 7.54 29 21.33 13.33 7.37 





Table 7. Anova, main effect and interactions effect for NDVI at different Feekes growth stages, tillers count, head count, grain yield, 









ns - not significant, 
* - significant at 0.001 probability level 
± - significant at 0.01 probability level 
¶ - significant at 0.05 probability level 

















Replication 2 0.0074± ns <.0001* <.0001* <.0001* <.0001* 0.0338¶ 0.0058± 
Irrigation 1 0.0006± 0.0033± <.0001* <.0001* <.0001* <.0001* 0.0027± <.0001* 
Irrig*Rep 2 ns ns 0.0001* <.0001* 0.0148¶ 0.0067± ns 0.0338¶ 
Seed Rate (SR) 2 ns 0.001± ns ns <.0001* <.0001* <.0001* 0.0176¶ 
Irrig*SR 2 ns ns ns ns 0.0034± ns ns ns 
Irrig*Rep*SR 8 ns ns <.0001* ns <.0001* 0.0184¶ 0.0024± 0.022¶ 
N Rate (NR) 2 ns ns ns <.0001* ns ns ns <.0001* 
Irrig*NR 2 0.039¶ ns ns 0.0222¶ ns ns ns ns 
SR*NR 4 ns ns ns ns ns ns ns ns 





Table 8. Treatment means for all NDVI, mid-season biomass, number of heads, grain yield, harvest index, and grain N for winter wheat 
















CV – coefficient of variation, % 
SED, standard error of the difference between two equally replicated means


















Grain N  
(g kg-1) 
1 No 45 0 0.242 0.299 0.563 30.9 195 1200 0.24 23.0 
2 No 67 0 0.237 0.306 0.610 31.8 214 1017 0.33 23.7 
3 No 112 0 0.237 0.316 0.661 61.5 138 1017 0.24 24.0 
4 No 45 67 0.253 0.305 0.666 64.6 171 1767 0.29 21.7 
5 No 67 67 0.263 0.309 0.753 47.3 211 1367 0.33 22.3 
6 No 112 67 0.269 0.295 0.746 59.8 198 1400 0.30 24.0 
7 No 45 134 0.280 0.324 0.697 49.4 245 1683 0.30 21.7 
8 No 67 134 0.266 0.350 0.695 58.2 230 1383 0.29 23.0 
9 No 112 134 0.285 0.334 0.694 63.5 192 1267 0.26 23.0 
 Means   0.26 0.32 0.68 51.9 199.41 1344.44 0.29 22.93 
 CV, % 8.4 14.36 11.18 42.82 26.78 28.91 28.42 28.42 
 SED 0 0.01 0.01 4.28 10.28 74.79 0.02 0.22 
1 Yes 45 0 0.234 0.284 0.572 23.5 199 1367 0.27 23.3 
2 Yes 67 0 0.241 0.266 0.629 31.2 186 1517 0.45 22.3 
3 Yes 112 0 0.253 0.283 0.609 40.3 227 1267 0.43 23.7 
4 Yes 45 67 0.256 0.284 0.629 33.9 213 1600 1.32 22.3 
5 Yes 67 67 0.273 0.297 0.685 32.5 200 1583 0.27 23.0 
6 Yes 112 67 0.256 0.291 0.713 41.2 172 1483 0.24 23.0 
7 Yes 45 134 0.301 0.280 0.725 47.8 289 2017 0.27 21.3 
8 Yes 67 134 0.271 0.297 0.714 61.3 307 1717 0.29 22.7 
9 Yes 112 134 0.285 0.306 0.747 37.8 225 1267 0.58 22.7 
 Means   0.26 0.29 0.67 38.84 224.19 1535.19 0.46 22.7 
 CV, % 9.41 13.71 10.54 42.77 27.64 24.78 137.49 5.01 





Table 9. Anova, main effect and interactions effect for NDVI at different Feekes growth stages, head m-2, grain yield, harvest index, and 
grain N for winter wheat affected by early irrigation, N rates, and seeding rates, Stillwater, Oklahoma 2014-15. 

















Replication 2 ns 0.05¶ ns ns ns ns ns ns 
Irrig 1 ns 0.0002± ns 0.0103¶ 0.0264¶ ns ns ns 
Irrig*Rep 2 ns ns ns ns 0.0006± ns ns ns 
Seed Rate (SR) 2 <.0001* 0.0168¶ <.0001* 0.0278¶ 0.0002± 0.0219¶ ns 0.0321¶ 
Irrig*SR 2 ns ns 0.0443¶ ns ns ns ns ns 
Irrig*Rep*SR 8 0.0015± <.0001* 0.0373± ns ns ns ns ns 
N Rate (NR) 2 ns ns 0.0045± ns 0.0405¶ 0.0446¶ ns 0.0082± 
Irrig*NR 2 ns ns ns ns ns ns ns ns 
SR*NR 4 0.0231¶ ns ns ns ns ns ns ns 
Irrig*SR*NR 4 ns ns ns ns ns ns ns ns 
ns - not significant, 
* - significant at 0.001 probability level 
± - significant at 0.01 probability level 







Table 10. Treatment means for all NDVI, mid-season biomass, number of heads, grain yield, harvest index, and grain N for winter wheat 
affected by the by early irrigation, N rate, and seeding rate, Stillwater, Oklahoma 2015-16. 
CV – coefficient of variation, % 
SED, standard error of the difference between two equally replicated means.



























Grain N  
(g kg-1) 
1 No 45 0 0.176 0.211 0.233 0.302 0.494 0.553 0.607 25.8 231 1436 0.32 19.0 
2 No 67 0 0.177 0.225 0.257 0.355 0.702 0.571 0.705 29.8 307 1512 0.23 20.7 
3 No 112 0 0.172 0.212 0.245 0.325 0.703 0.548 0.708 35.0 284 1134 0.21 21.3 
4 No 45 67 0.172 0.211 0.235 0.312 0.551 0.712 0.589 30.3 204 1384 0.23 17.0 
5 No 67 67 0.175 0.230 0.276 0.379 0.766 0.759 0.735 35.8 243 1119 0.19 19.3 
6 No 112 67 0.173 0.237 0.288 0.387 0.771 0.690 0.751 32.4 284 1799 0.23 19.3 
7 No 45 134 0.178 0.246 0.284 0.364 0.540 0.725 0.550 34.1 318 1315 0.23 16.7 
8 No 67 134 0.182 0.247 0.300 0.395 0.684 0.765 0.657 35.3 281 1572 0.24 18.3 
9 No 112 134 0.180 0.256 0.307 0.409 0.708 0.722 0.717 36.3 319 1202 0.18 19.5 
 Means   0.18 0.23 0.27 0.36 0.66 0.66 0.67 32.76 274 1393 0.23 19.08 
 CV, % 4.5 9 12 13 18 18 14 23 26 26 31 9 
 SED 0 0 0.01 0.01 0.02 0.02 0.02 1.46 13.69 71.98 0.01 0.35 
1 Yes 45 0 0.173 0.191 0.189 0.248 0.450 0.442 0.489 28.8 186 1043 0.26 18.7 
2 Yes 67 0 0.178 0.208 0.229 0.302 0.609 0.467 0.615 29.4 221 1421 0.21 19.3 
3 Yes 112 0 0.176 0.203 0.217 0.300 0.597 0.479 0.598 25.6 199 1376 0.23 19.3 
4 Yes 45 67 0.178 0.206 0.222 0.287 0.487 0.622 0.505 28.2 183 1542 0.33 18.0 
5 Yes 67 67 0.178 0.217 0.247 0.333 0.583 0.602 0.571 27.0 265 1497 0.27 18.7 
6 Yes 112 67 0.176 0.200 0.217 0.286 0.607 0.665 0.663 27.8 220 1089 0.18 19.7 
7 Yes 45 134 0.183 0.239 0.267 0.351 0.514 0.606 0.543 30.0 272 1815 0.32 18.3 
8 Yes 67 134 0.184 0.236 0.266 0.373 0.643 0.647 0.682 32.7 283 1648 0.25 19.3 
9 Yes 112 134 0.185 0.241 0.270 0.379 0.639 0.680 0.675 30.3 289 1860 0.27 20.0 
 Means   0.18 0.22 0.24 0.32 0.57 0.57 0.59 28.87 235 1477 0.26 19.04 
 CV, % 4.0 10 13 16 16 16 17 23 38 30 26 5 





Table 11. Anova, main effect and interactions effect for NDVI at different Feekes growth stages, head count, grain yield, harvest index, 
and grain N for winter wheat affected by early irrigation, N rates, and seeding rates, Stillwater, Oklahoma 2015-16. 
ns - not significant, 
* - significant at 0.001 probability level 
± - significant at 0.01 probability level 
¶ - significant at 0.05 probability level 
 
 

























Replication 2 <.0001* ns ns ns ns ns ns 0.0002± <.0001* ns ns 0.0179¶ 
Irrigation 1 0.0091± 0.0001* <.0001* <.0001* <.0001* <.0001* <.0001* 0.0161¶ 0.003 ns ns ns 
Irrig*Rep 2 ns 0.0235¶ 0.0472¶ 0.0248¶ ns ns ns 0.0185¶ ns ns ns ns 
Seed Rate (SR) 2 <.0001* <.0001* <.0001* <.0001* ns ns ns ns 0.0005± ns ns 0.0044± 
Irrig*SR 2 ns ns ns ns 0.0169¶ 0.0169¶ ns ns ns ns ns 0.0028± 
Irrig*Rep*SR 8 0.0058± ns ns ns <.0001* <.0001* ns ns ns ns ns ns 
N Rate (NR) 2 ns ns 0.0015± 0.0003± <.0001* <.0001* <.0001* ns 0.0425¶ ns ns <.0001* 
Irrig*NR 2 ns ns ns ns ns ns ns ns ns ns ns ns 
SR*NR 4 ns ns ns ns ns ns ns ns ns ns ns ns 
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